Sox2 is a transcription factor active in the nervous system, within different cell types, ranging from radial glia neural stem cells to a few specific types of differentiated glia and neurons. Mutations in the human SOX2 transcription factor gene cause various central nervous system (CNS) abnormalities, involving hippocampus and eye defects, as well as ataxia. Conditional Sox2 mutation in mouse, with different Cre transgenes, previously recapitulated different essential features of the disease, such as hippocampus and eye defects. In the cerebellum, Sox2 is active from early embryogenesis in the neural progenitors of the cerebellar primordium; Sox2 expression is maintained, postnatally, within Bergmann glia (BG), a differentiated cell type essential for Purkinje neurons functionality and correct motor control. By performing Sox2 Cre-mediated ablation in the developing and postnatal mouse cerebellum, we reproduced ataxia features. Embryonic Sox2 deletion (with Wnt1Cre) leads to reduction of the cerebellar vermis, known to be commonly related to ataxia, preceded by deregulation of Otx2 and Gbx2, critical regulators of vermis development.
| I N T R O D U C T I O N
The Sox2 transcription factor is widely expressed in the developing central nervous system (CNS), from early embryogenesis (Bertolini et al., 2016; Pevny & Nicolis, 2010) . In humans, Sox2 heterozygous mutations lead to a spectrum of CNS defects, including eye defects, hippocampal reduction, seizures, as well as motor control defects and ataxia (Bertolini et al., 2016; Dennert et al., 2017; Ragge et al., 2005; Sisodiya et al., 2006) . In mouse, complete Sox2 loss is early embryonic lethal (Avilion et al., 2003) ; by conditional knock-outs and hypomorphic mutants, we and others demonstrated that Sox2 loss leads to important CNS defects, affecting the eye, the developing ventral forebrain, and the hippocampus. Most of these defects arise as a consequence of the loss of neural stem cells (represented by radial glia), although in some cases specific glial or neuronal types have been involved (Cavallaro et al., 2008; Favaro et al., 2009; A. Ferri et al., 2013; A. L. Ferri et al., 2004; Pevny & Nicolis, 2010) .
Ataxia is a motor control defect, depending on cerebellar abnormalities, and is often the consequence of inherited genetic defects observed in man (Basson & Wingate, 2013; Leto et al., 2016) . While the genetic defects primarily operates in neurons in most types of ataxias, at least in two cases (SCA1 and SCA7) Bergmann glia (BG), a specialized cerebellar glia essential for Purkinje neurons functionality, critically contributes to the defect; the BG dysfunction affects, in a non-cell-autonomous way, the functions of the adjacent Purkinje neuronal cells (PC), which are responsible for the functional defects (Buffo & Rossi, 2013; Custer et al., 2006; Shiwaku et al., 2010) . While the primary genetic defect is well defined, the network of gene regulation and protein interactions downstream to it are not yet well understood.
Previous studies of hypomorphic Sox2 mutants demonstrated motor abnormalities (Ferri et al., 2004) ; in this work, we investigated the possibility that Sox2 conditional ablation in mouse reproduces some of the ataxic features demonstrated in human patients. To this end, we ablated Sox2 either prenatally, or postnatally, within the cerebellum, a CNS region essential in the control of movement, whose disfunction leads to ataxias (Basson & Wingate, 2013; Leto et al., 2016) .
We report that prenatal Sox2 loss in the developing midbrain-hindbrain region (via Wnt-1-Cre-mediated deletion) leads to a reduction of the cerebellar vermis at birth, and, postnatally, to progressive disorganization, mislocalization and reduction of BG, functionally accompanied by ataxia. BG retains Sox2 expression postnatally, and we find that postnatal deletion of Sox2 in glia (via GLAST-CreERT2) also leads to BG disorganization, mislocalization and reduction. Our findings point to a novel role for Sox2 in the postnatal establishment of the correct phenotype, layering and functions of this important cerebellar cell type.
| MATERIALS A ND METHODS

| Experimental animals
Experiments were performed on different mouse lines: Sox2 flox (Favaro et al., 2009 ), Wnt1Cre (Danielian, Muccino, Rowitch, Michael, & McMahon, 1998 ), GLASTCreErt2 (always used as heterozygous; Buffo et al., 2008; Mori et al., 2006) . Either sex was included. The day of vaginal plug detection was defined as embryonic day zero (E0) and the day of birth was considered as postnatal day zero (P0 
| Histological, in situ hybridization and immunohistochemical procedures
In situ hybridization was performed as in (Favaro et al., 2009; Ferri et al., 2013) . Briefly, embryos were fixed in 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer (PB), pH7.2-7.4, cryoprotected, embedded in OCT and sectioned on a cryostat at 20 mM. Antisense probes for Sox2 (Avilion et al., 2003) , Otx2 (Acampora, Avantaggiato, Tuorto, & Simeone, 1997) and Gbx2 (Wassarman et al., 1997) , a kind gift (Otx2; Gbx2) from Drs. L. Muzio and V. Broccoli, were in vitro transcribed in the presence of DIG-UTP and hybridized to sections at 658C.
The signal was visualized by incubation with BM-purple (Sigma, St.
Louis, MO). For postnatal brain analysis, animals were transcardially perfused under anesthesia (hypothermia for pups up to postnatal day P-7 and intraperitoneal injection of a mixture of ketamine 100 mg/kg; Ketavet, Bayern, Leverkusen, Germany and xylazine 5 mg/kg; Rompun, Bayer, Milan, Italy for older mice) with an appropriate volume of 4% PFA in 0.12 M phosphate buffer (PB), pH7.2-7.4. Brains were removed, stored overnight (o/n) in the same fixative at 48C, washed in Phosphate Buffered Saline (PBS) and finally cryoprotected in 30% sucrose in 0.12 M PB. The cerebella were then embedded and frozen over dry ice in OCT (TissueTEK), sectioned in the parasagittal plane at 30 lm using a cryostat and collected in PBS (P30 juvenile and adult cerebella) or placed directly onto glass slides (E13-P7 cerebella). For immunolabelling, sections were incubated at room temperature with the appropriate primary antibodies dissolved in PBS with 1.5% donkey or goat serum (Jackson ImmunoResearch) and 0.25% Triton X-100
(Sigma-Aldrich): anti-S100BETA (S100B The thickness (t) of the granular cell layer (GL) was determined on DAPI labelled slices according to the formula t 5 2 A/b1 1 b2, as in Carulli et al (2002) . "A" was given by the area defined by the outer and inner profile of the granular layer, and "b1" and "b2" were the lengths of the two profiles. At least three slices/animal and three animals/genotype were analyzed. Values were pooled to yield the final average thickness.
For morphometric measurements in adult mice, DAPI-stained sections next to the midline of the entire cerebellar vermis were analyzed.
The whole PCL length, the extension along the Rostro-Caudal (R-C) and Ventro-Dorsal (V-D) axes, the PCL length along each lobule and the extension of the fissures between lobules VIa-VIb and IXb-IXc were evaluated using a fluorescent microscope and traced by means of the Neurolucida software (MicroBrightfield). For the of R-C extension measurement, the points of maximal convexity of the crowns of lobules V and IXb were chosen as points of reference, whereas the length of the V-D axis was evaluated by measuring the distance from the invagination between lobules I and X (maximal concavity) and the midpoint in the crown of lobule VIb. The length of the PCL along each lobule was measured as the line connecting the midpoint of the basis of the two fissures preceding and following the folium of interest. The extension of the fissures was evaluated by measuring the length of PCL between the related inward indentation points. For evaluation of BG ectopia, BG densities and BG to PC ratios, cell counts were performed in three cortical areas of lobules III, IV, V, and IX, on confocal Z stacks of about 15 mm. Three sections per animal were evaluated.
| Systemic administration of tamoxifen
To activate the Cre recombinase in GLASTCreERT2 Sox2 mice Tamoxifen (Tx; 20 mg/ml solution dissolved in corn oil) was administered via subcutaneous injection for pups (20 lg/g body weight) or via oral gavage for adults (5 mg/40 g body weight). Mice were given either a single Tx injection at P2 or administered a double treatment including a first single injection at P8 and a further treatment at P60. A distinct cohort of adult mice was treated at 4 months of age to assess the effects of Sox2 deletion after the completion of cerebellar maturation.
However, at 2 months after treatment no changes in BG layering were observed, suggesting that Sox2 is dispensable to preserve BG morphology and layering at adult stages, when cerebellum maturation is fully accomplished. As for experiments performed in Wnt1-Cre Sox2 mice, animals with mixed genotypes were used as controls (Sox2F/1; CreERT2, Sox2FF or Sox2F/1) for some analyses. In other instances, Sox2F/F;CreERT2 mice with no Tx treatment were also employed as controls, as indicated in Supporting Information Table S1 .
| Behavioral assays
All behavioral experiments were conducted in a dedicated dimly illumi- 
| Rotarod test
Motor coordination, balance, and motor learning were assessed using an accelerating rotarod (Ugo Basile, Varese, Italy; Fuca et al., 2017) .
The rotarod apparatus had five flanges dividing the five 5.7-cm lanes, the cylinder diameter was 3.5 cm. Mice were placed on the rotating bar and given a habituation period of 2 min at constant velocity (5.5 rpm), after which the rotating bar accelerated from 5.5 to 60 rpm over 300 s. Mice were put on the rotarod until the latency to fall off reached the total time of 300 s. Three trials per day with 3-5-min intervals, on three consecutive days were performed; we considered the averages of the three sessions. During pauses between trials, mice rested in their home cages.
| Beam walking test
In order to assess balance capabilities, beam walking test has been used (adapted from Hilber & Caston, 2001 
| Electrophysiology
The animals were anesthetized with isoflurane (Isoflurane-Vet, Merial, Italy) and decapitated. The cerebellar vermis was removed and transferred to an ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM); 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 20 glucose, which was bubbled with 95% O2/5% CO2 (pH 7.4). Parasagittal cerebellar slices (200 lm thickness) were obtained using a vibratome (Leica Microsystems GmbH, Wetzlar, Germany) and kept for 1 hr at 358C
and then at 258C. Single slices were placed in the recording chamber, which was perfused at a rate of 2-3 ml/min with ACSF bubbled with the 95% O2/5% CO2. All recordings were performed at room temperature (228C-258C). The data derive from five to seven animals.
Whole-cell patch-clamp recordings were made from PCs of adult animals of both genotypes using an EPC-9 patch-clamp amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). We performed record- PF-EPSCs were evoked by stimulating the PFs in the molecular layer while the PC was kept at a holding potential of 290 mV. The stimulation was done with a glass pipette, pulled from sodalime glass to a tip diameter of 10-15 mm, containing the saline solution. Negative current pulses ranging from 3 to 15 mA with a duration of 100 ms were delivered at 20-s intervals. Paired pulse facilitation was elicited by applying double pulses of 9 mA of intensity at different time intervals (50, 100, 150, and 200 ms) , and the ratio of the amplitude of the second PF-EPSC over the first one was calculated. All PF recordings were performed in the presence of gabazine (SR 95531, 20 mM) in the saline solution.
| Gliosome purification
Animals were euthanized and the whole brain rapidly removed. The cerebellar cortex was dissected on ice at 48C; care was taken to dissect away the white matter, containing fibrous (parenchymal) astrocytes, as much as possible, to obtain an astrocyte preparation highly enriched in BG; glial perisynaptic processes (gliosomes) were then prepared from control and Sox2F/F;Wnt1Cre mutant mice essentially as previously described (Milanese et al., 2010; Raiteri et al., 2008) , with minor changes. Briefly, the tis- determination. All the above procedures were conducted at 48C. Protein content was measured according to (Bradford, 1976) using bovine serum albumin (Sigma-Aldrich) as a standard.
| Uptake experiments
Uptake was measured in gliosomes purified from BG-enriched glia of control (Sox2FF/F1) and mutant (Sox2F/F;Cre) mice as previously described (Milanese et al., 2015) . Briefly, gliosomes were re-suspended in PM and aliquots (500 ml, corresponding to 3-5 mg protein) were incu- 
| Endogenous glutamate and glutamine determination
BG cells gliosomes from control (Sox2FF/F1) and mutant (Sox2F/F; Cre) mice were lysed in hypotonic ultrapure water, and the cytosolic extracts separated from membrane debris by centrifugation (10 min 20,000g). The endogenous glutamate and glutamine content were quantified in supernatants by previously described high performance liquid chromatography analysis (Milanese et al., 2011) . The methods consisted in a pre-column derivatization of the samples with ophthalaldehyde, followed by discontinuous gradient separation using a C18 reverse-phase chromatographic column (Agilent MicroSpher C18, S100x4.6, 3 mm; CPS Analitica, Milano, Italy) at 308C, and fluorometric detection (excitation wavelength 350 nm; emission wavelength 450 nm). Homoserine (Sigma-Aldrich) was used as an internal standard.
| Statistical analyses
Data elaboration and statistical analyses were conducted by means of RNase-free water. PolyA Stranded Truseq Libraries were generated using the Truseq Stranded mRNA Sample Preparation Kit (Illumina).
First, mRNA was purified from 1mg of total RNA using magnetic beads containing poly-T oligos. mRNA was then fragmented and reverse transcribed using Superscript II (Invitrogen), followed by second strand synthesis. Double stranded cDNA was treated with end-pair, A-tailing, adapter ligation and 8 cycles of PCR amplification.
RNA-Seq was performed on all individual samples (three wild type and three mutant) studied, to yield single-end reads. The number of sequences obtained in each sample ranged from 7.5 to 12.5 millions.
Read counts and transcript levels for each sample were computed with the RSEM software package version 1.17 (Li & Dewey, 2011) were employed. Differential expression analysis was performed with the NOISeqR package (Tarazona et al., 2015) . Differentially expressed genes were selected by employing a q-value threshold of 0.99, corresponding to an empirical false discovery rate (FDR) of 0.01.
| RE SUL TS
| Conditional Sox2 mutants develop ataxia
To address the consequences of Sox2 loss in the developing cerebellum, we used mice carrying a Sox2flox conditional knockout (cKO) allele, previously generated in our laboratory (Favaro et al., 2009) ; to delete Sox2, we used Wnt1-Cre, active from embryonic day 9.5 (E 9.5) in the developing midbrain-hindbrain region, where the cerebellum will arise (Danielian et al., 1998) . In situ hybridization at E9.5 in wild type embryos shows Sox2 mRNA expression in the neuroepithelium (consisting, at this stage, of undifferentiated progenitors of neurons and glia), throughout the developing neural tube, including the midbrainhindbrain region where the cerebellum will arise; in the mutant, Sox2 mRNA was lost in the developing mesencephalon and anterior rhomboencephalon by E9.5 ( Figure 1a ).
Wnt1-Cre Sox2 mutant mice (Sox2F/F;Cre hereafter) are born in normal mendelian ratios; most survive to adulthood, though a few are lost before weaning (when mutants represent 20% of the offspring, instead of the expected 25%).
We initially observed clear motor abnormalities in a number of adult mutant mice, suggesting possible cerebellar defects. To precisely address functional cerebellar abnormalities in Sox2 mutants, we subjected them to behavioral tests of motor coordination and equilibrium, used to detect alterations that arise following cerebellar damage: the rotarod and balance beam tests (Fuca et al., 2017; Hilber & Caston, 2001 ). We compared motor performances of mutants and control littermates between 1 and 8 months of life (Figure 1b-d) . By the rotarod test, latency to fall (whose shortening is indicative of motor control damage) was significantly shorter from 2 months of age ( Figure 1b ).
Heterozygous (Sox2F/1;Cre) mice also showed a moderately reduced latency, though the defect was less pronounced than that of CERRATO ET AL. 3.2 | Wnt1-cre-mediated Sox2 deletion leads to morphological cerebellar abnormalities
To understand the causes of the observed ataxic defects, we studied the mutant cerebellum during development and postnatally. Sox2 deletion at E9.5 via Wnt1-Cre results in early posterior shifts of the expression boundaries of two genes, Otx2 and Gbx2, and an early thinning of Table S1 . (e and f) Sox2 early conditional deletion leads to cerebellar morphological defects. (e) Cerebellar morphology at P5. Two Sox2F/F;Cre mutants are shown, with "moderate" (left) and "severe" (right) phenotype. Vertical arrows point to the antero-posterior extension of the vermis, reduced in the mutants. Some enlargement of the adjacent mesencephalic lobes is also seen in mutants, and in controls carrying the Cre transgene as previously described (Lewis, Vasudevan, O'Neill, Soriano, & Bush, 2013) . The lateral arrow in the second mutant ("severe") points to a central "hole" at the mid/hindbrain boundary. The severe phenotype was observed in 4/44 mutant mice examined (11%). (f) Cerebellar morphology in adults, dorsal view; vermis lobules are numbered. In mutants, the vermis is reduced along the antero-posterior axis. Scale bars: a, 200 mM; b and c: 2 mm [Color figure can be viewed at wileyonlinelibrary.com] the neuroepithelium in the medial, prospective vermis region (Supporting Information Figure S1 ). Otx2 and Gbx2 encode transcription factors required for the precise spatial definition of the isthmic organizer, a signaling center marking the boundary between prospective mesencephalon and cerebellum, and for subsequent vermis development (Joyner, Liu, & Millet, 2000; Li, Lao, & Joyner, 2002; Martinez, Andreu, Mecklenburg, & Echevarria, 2013; Wang & Zoghbi, 2001) ; the correct relative positioning of Otx2 and Gbx2 expression territories is critical for the appropriate development of the isthmic organizer (Broccoli, Boncinelli, & Wurst, 1999) . reports (Shiwaku et al., 2010; Sottile, Li, & Scotting, 2006) . SOX2 was also expressed by parenchymal astrocytes of the GL and prospective white matter (PWM; Figure 3a ,b), as expected (Sutter et al., 2010) . The same pattern of expression was maintained in adult cerebella at 8 months of age (Figure 3d-d  000 ) . In Sox2F/F; Cre mutant mice, Sox2
was not detected, as expected (Figure 3e -f 0 ).
We then looked at possible alterations, in mutants, within specific postnatal cell types, by immunofluorescence with cell type-specific markers, at P7, P19 and 8 months. At 8 months, we did not detect major changes in the density, nor morphology, of PCs, nor of interneurons (by CALBINDIN and PARVALBUMIN immunofluorescence, respectively) in mutants compared with controls (Supporting Information Figure S2 ). As Sox2 is expressed in oligodendrocyte progenitors during development (Zhao et al., 2015) , we also examined oligodendrocytes by immunofluorescence using anti-NG2 (recognizing immature oligodendrocyte progenitors), GSTPi (post-mitotic differentiating oligodendrocytes) and Olig2 (the entire oligodendrocyte lineage): no significant differences in the density or distribution of labeled cells was observed at 10 weeks of age (Supporting Information Figure S3a -c 000 ). In addition, overall myelination, as detected by MBP immunofluorescence, was not altered in mutant as compared with control mice (Supporting Information Figure   S3d Overall, the number of non-ectopic BG in the mutant PCL was significantly decreased compared with control animals (Figure 4t,u) . Importantly, by contrast with the abnormalities in mutant BG, parenchymal astrocytes of the GL and WM appeared unchanged among genotypes (Supporting Information Figure S2 ). We conclude that the localization and morphology of glial cells (BG, based on the location) are progressively altered during postnatal life in Wnt1Cre-Sox2 mutant mice.
| Alteration of synaptic transmission at parallel fiber-Purkinje cell synapse
Given the important role of BG in modulating the excitatory synapse transmission in PCs, we examined synaptic transmission between parallel fibers (PFs) and PCs by means of whole-cell voltage clamp. We performed our analysis in adult mice, in the posterior lobules of the cerebellum, which had revealed the most prominent reduction of the CERRATO ET AL. (Buffo et al., 2008; Mori et al., 2006) . Tx was administered at P2 or P8, and cerebella were analyzed at 1 or 8 months of age ( Figure 6 ). Cre induction leads to efficient ablation of SOX2 from S100B-positive BG, reaching 60%-80% (Figure 6c (a-r) Glial cells were labeled with specific markers as BLBP, S100B, and GFAP in control (a-f, Sox2FF/F1; g-l, Sox2F/1;CRE) and in mutant (m-r, Sox2F/F;Cre) cerebella at different ages. At P7 (a-c; g-i; m-o) no significant differences were detected in BG progenitors distribution, as BG cells were similarly labelled with BLBP and S100B in the arising PCL of the three genotypes. At P19 (d-d 00 ; j-j 00 ; p-p 00 ) ectopic S100B1 cells appeared in the mutant ML (p-p 00 ; arrows in p 0 ) and these ectopic cells remained in the adult cerebella at 8 months (arrows in q). GFAP staining confirmed the presence of mislocalized BG in the mutant ML, at both P19 and 8 months, and highlighted the aberrant multipolar morphology of these cells (arrowheads in p 00 and r; r 0 ). (s)
Quantification of S100B1 cells in 8 months old mutant or control cerebella confirmed the significant presence of ectopic BG cells in the mutant ML (Student t test, p < .0001; Sox2F/F;Cre mice vs. Sox2FF/F1 and Sox2F/1;Cre mice). (t and u) Analysis of cell density (number of cells/mm 2 ) of S100B1 cells in the PCL and related ratio of S100B1 cells to PCs (u) showed a significant decrease of BG somata correctly aligned in the PCL (t) of 8 months old mutant mice (Student t tests, t, p 5 .0179; u, p 5 .0014; Sox2F/F;Cre vs. Sox2FF/F1 and Sox2F/1;Cre mice). (s-u) Being fully comparable, data from the two control genotypes were pooled together (see Supporting Information Table 2 ). Dapi staining (blue in a, e, g, k, m, q) labels all cell nuclei. ML, molecular layer; PCL, Purkinje cell layer, GL, granular layer, WM, white matter. Scale bars: a, g, m, 100 lm; c, d-d 00 , f, h, j 00 , l, o, p 00 , r, 50 lm; b, 20 lm; e, k, q, 30 lm; n, 10 lm. Details on statistical analysis are reported in Supporting Information Table S1. *p < .05; **p < .01; ***p < .001 [Color figure can be viewed at wileyonlinelibrary.com]
We further asked if postnatal Sox2 deletion would lead to motor control defects, together with BG abnormalities. Since Tx injection in P2 animal significantly affected newborn survival and for behavioral studies numerous litters are needed, we postponed the treatment to P8 and combined it with a second administration at P60 (see Section 2). This protocol determined BG ectopia to an extent similar to Tx treatment at P2 (Figure 6i ). By the beamwalking test, a significant difference was found between mutants and controls, with no differences between sexes (not shown), similarly to what observed with Wnt1-Cre mutants, although the extent of the motor alterations was much smaller (Figure 7a,b) . By the rotarod test, mutants did not perform significantly different from controls ( Figure 7c ). However, when male and female mutant and control mice were separately compared, mutant male mice, that initially performed comparably to controls (month 1), later (month 2)
showed a significantly worse performance than controls, though the difference was clearly smaller than that found for Wnt1-Cre mutants (see Figures 1b-d and 7d) . We wished to check if the abnormalities detected in the motor control tests (small, though statistically significant) could be affected by an increased anxiety in the mutants influencing motor performances. We thus performed, on the same mice previously evaluated in the motor control tests, a test evaluating both anxiety and general locomotor activity, the Open field test.
No significant difference was observed between mutants and controls. (Figure 7d ). We conclude that postnatal Sox2 deletion in glia leads to mild motor control defects, based on both the beamwalking and rotarod tests. percentage of S100B1 cells in Sox2F/F;CreERT2mutant cerebella does not express SOX2, in agreement with an efficient ablation of the gene. (f) Fraction of ectopic S100B1BGon total S100B1BGwas significantly higher in mutant Sox2F/F;CreERT2 cerebella induced at P2 with respect to control littermates at P30 (Student t test, p 5 .0011). (g-i) Ectopic S100B1 BG in the ML of mutant mice (arrows in h) was maintained at 8 months after Tx treatment at P2 or at P8 plus P60 (P8-60). Controls include genotypes as for Supporting Information Table  S2 .Tx, tamoxifen; ML, molecular layer; PCL, Purkinje cell layer. Scale bars: a-d 00 , 50 lm; g, h, 20 lm. Details on statistical analysis are reported in Supporting Information Table S1.*p < .05; **p < .01; ***p < .001 [Color figure can be viewed at wileyonlinelibrary.com] 2013). Further, BG was shown to be essential for synaptic organization and electrophysiological function of PCs through the action of GLAST, in studies of Slc1a3 knockout mice (Miyazaki et al., 2017) .
Glutamatergic transmission requires the involvement of glia cells to efficiently clear the synaptic cleft and to recycle the transmitter through a Glutamate to Glutamine (Glu/Gln) metabolic shuttle, in a multicomponent regulated process. We thus performed Glu uptake experiments in gliosomes purified from BG-enriched cell preparations of six wild type and five Sox2-Wnt1Cre mutant mice. Gliosomes represent a well-recognized subcellular preparation that recapitulates molecular and functional features of the astroglial perisynaptic processes (Carney et al., 2014; Stigliani et al., 2006) . As shown in Figure 8 , Sox2-Wnt1Cre gliosomes showed a significant increase of uptake Vmax, compared with age matched control mice, with no significant changes in the Km values (Supporting Information Figure   S4 ). In parallel we measured the gliosomal content of endogenous Glu and Gln, and calculated the Glu/Gln ratio: these ratios were statistically comparable in gliosomes from Sox2-Wnt1Cre and WT BG mice (Supporting Information Figure S4 ). These data demonstrate a clear biochemical alteration of the Sox2-mutant BG cells, namely, Glu uptake abnormalities, without modification of Glu/glutamine conversion. Table S3 ); furthermore, a highly significant fraction (266 genes) is likely to be direct SOX2 targets, based on published SOX2 ChIP-seq data (Lodato et al., 2013) in which SOX2 target genes were defined as being SOX2-bound in regulatory regions (Supporting Information 
| D IS C U S S I O N
Sox2 mutations in man cause genetically dominant defects in the central nervous system, including hippocampus hypoplasia, cognitive defects, motor control abnormalities, seizures, retina and eye defects; some of these abnormalities have been reproduced in mouse models of conditional Sox2 ablation (Dennert et al., 2017; Favaro et al., 2009; Ferri et al., 2013; Pevny & Nicolis, 2010; Ragge et al., 2005; Sisodiya et al., 2006) . In previously studied Sox2 mutant mouse models, the observed defects develop prenatally, or immediately after birth, and are related mainly to neural stem/progenitor cells defects. An exception is represented by abnormalities of GABAergic interneurons morphology and postmitotic migration (Cavallaro et al., 2008) in the forebrain, as well as defects of differentiated glia types: Mueller glia, a differentiated glial type of the eye, and oligodendroglia (Bachleda, Pevny, & Weiss, 2016; Hoffmann et al., 2014; Pevny & Nicolis, 2010 ).
In our Wnt1Cre-Sox2flox mouse model, we report that Sox2 is important for the correct prenatal morphogenesis of the cerebellum, and in particular of the vermis. In addition, Sox2 controls the correct morphology, organization/localization and development of the BG in the first three weeks after birth. As the BG population is mainly postmitotic after the first postnatal week, when BG defects arise, this finding points to important roles of Sox2 within a specifically differentiating, non-dividing, glia cell type.
The cerebellar defects we observed lead to ataxic features, which are more pronounced when Sox2 deletion is performed prenatally, but are still observed with (partial) postnatal deletion within BG.
| Genetic mechanisms contributing to the development of ataxic features
The significant reduction of the vermis observed in newborn Wnt1Cre
Sox2 mutants is one plausible contributor to the ataxic features appearing shortly after birth. In fact, vermis reduction, together with ataxia, was previously observed, in several mutant mouse models and human inherited diseases. In mouse, an experimental posterior shift (by Otx2 knock-in into the En1 locus) of the caudal expression boundary of the Otx2 transcription factor, a critical regulator of the cerebellum/ mesencephalon boundary, leads to impaired vermis development and to ataxia (Broccoli et al., 1999 Figure S1 ), suggesting that vermis reduction in the Sox2 mutant is due, at least in part, to Otx2/Gbx2 dysregulation. In humans, vermis reduction is observed, together with ataxia, in CHARGE syndrome, an autosomal dominant disorder caused by mutation of CHD7 (Yu et al., 2013) , a chromatin regulatory protein interacting with SOX2 (Engelen et al., 2011) . In mouse models carrying Chd7 mutations, Otx2 and Gbx2 expression boundaries are shifted posteriorly, similarly to what we find in Sox2 mutants (Supporting Information Figure S1 ), and CHD7 directly binds to the Otx2 and Gbx2 regulatory regions (Yu et al., 2013) , on sites at least partially overlapping those bound by SOX2 (Engelen et al., 2011; Lodato et al., 2013; Yu et al., 2013) . This suggests that a shared SOX2
and CHD7-controlled gene regulatory network, involving early Otx2 and Gbx2 regulation, may contribute to pathological features shared between the Sox2-deficiency and the CHARGE human syndromes.
Vermis hypoplasia is also characteristic of Joubert and Meckel syndromes (JMS), caused by mutation of several different genes (Aguilar et al., 2012) ; interestingly, SOX2 ChIPseq experiments on cultured neural stem cells (NSC) (Engelen et al., 2011; Lodato et al., 2013) Taken together, these previous results suggest that the ataxic features observed in our Wnt1-Cre Sox2-mutant mice are due, at least in part, to the abnormalities that we observe in the vermis at birth. However, it is important to note that functional motor abnormalities are observed, although in a milder form, also in mice in which Sox2 ablation was specifically obtained after birth, and were not therefore related to any vermis morphological abnormality. This point is further discussed below. Mutation of other mouse genes leads to BG cytoarchitectural defects comparable to those in our mutants, accompanied by ataxia.
| The relation between ataxia and Bergmann glia abnormalities
Inactivation in BG (via a GFAP-Cre transgene) of the tumor suppressor adenomatous polyposis coli (APC) gene, encoding an inhibitor of the Wnt/beta-catenin pathway, disrupts BG architecture after P10, with translocation of their cell bodies to the molecular layer, loss of their pial contact and transformation into stellate-shaped cells, leading to motor coordination deficits (Wang, Imura, Sofroniew, & Fushiki, 2011) . The Sox4 transcription factor gene is expressed in normal BG; intriguingly, its overexpression, in BG, via a hGFAP promoter leads to BG cytoarchitectural defects, resulting in ataxia (Hoser et al., 2007) . Interestingly, ChIP studies (Lodato et al., 2013, and our unpublished observations) show binding of Sox2 to the promoter regions of Sox4 and APC, suggesting a possible direct regulation. It is interesting to note that, in our GLAST CreERT2 Sox2 mutant, the Sox2 deletion occurred in a subpopulation of the glial cells, BG and astroglia; the displaced BG cells included both Sox2-null and Sox2-positive cells. This result implies that non-cell autonomous mechanisms might be involved in causing cells which retain Sox2 expression to migrate away from their normal location along the PCL. As shown in Supporting Information Table S3 , glial cells express many Sox2-bound genes encoding diffusible factors, whose deregulated expression, following Sox2 ablation in glia, might thus affect the localization of both Sox2-deleted and non-deleted BG cells.
BG is known to play critical roles for the functionality of PCs in the mature cerebellum, and its defects have been shown to lead to ataxia by non-cell-autonomous mechanisms, whereby BG defects caused PC dysfunction. Indeed, mutant ataxin 7 (causing the autosomal dominant disease spinocerebellar ataxia 7, SCA7) caused neuronal degeneration when expressed in mouse BG via a cell-type-specific transgene (Custer et al., 2006) , and mutant ataxin-1 (causing SCA1 Collectively, our results demonstrate a novel role of Sox2 in the maintenance of morphology and localization of BG, as well as on at least one major biochemical activity (gliosome glutamate uptake) of 
